Proteoglycan (PG)-induced arthritis (PGIA) is an autoimmune inflammatory disease controlled by multiple genes in the murine genome. BALB/c Â DBA/2 congenic strains carrying four major PGIA chromosome loci were immunized, and positions of loci on chromosomes 3, 7, 8 and 19 (loci Pgia26, Pgia21, Pgia4 and Pgia12, respectively) were confirmed. Each congenic strain exhibited a different pattern of regulation of clinical and immunologic features of PGIA, and these features were significantly influenced by gender. Locus Pgia26 delayed PGIA onset in males and females, and the effect was associated with a lower rate of antigen-induced lymphocyte proliferation and lower production of interferon-g (IFN-g), tumor necrosis factor-a (TNF-a) and interleukin-4 (IL-4). Pgia12 similarly delayed onset in males, but the effect was achieved by elevated proliferation of PG-specific lymphocytes and enhanced production of IFN-g and IL-4. The effect of the Pgia21 locus was arthritis-suppressive in females but PGIA-permissive in congenic males. These opposite effects are attributed to two-fold higher serum autoantibody and IL-6 levels in males than in females. Our study supports the idea that each congenic strain represents a different immunologic subtype of PGIA, providing an explanation for the complex etiology and various clinical phenotypes of rheumatoid arthritis.
Introduction
Rheumatoid arthritis (RA) is a complex inflammatory disease affecting approximately 1% of the human population. Susceptible individuals carry specific gene combinations, including the major histocompatibility complex (MHC), and have been exposed to adverse environmental risk factors. Epidemiologic studies suggest a significant role for genetic risk factors, which have been shown to control 53-65% of disease incidence in different European populations, although heritability can reach 83% for male probands. 1, 2 Dissecting the genetic background of RA using genetic linkage analysis, followed by meta-analysis of genome scans of American and European Caucasians, determined the most common shared genetic risk factors to be within defined loci on human chromosomes (chrs) 1, 2, 6, 8, 12, 16 and 18. 3 Genetic maps of RA susceptibility provided by linkage analyses of different ethnic populations are not always matched, indicating the genetic heterogeneity of RA. [4] [5] [6] [7] [8] [9] [10] [11] Murine models for RA are thought to provide a less complicated system for mapping disease susceptibility genes than humans, as they are based on a less complex genetic background, and disease can be induced by known triggers, for example, immunization with cartilage protein components and adjuvants, to provoke inflammation. 12, 13 Probably, the most apparent indication of the value of murine models is the recent confirmation of the genomic interval flanked by complement component 5 (C5) and tumor necrosis factor (TNF) receptorassociated factor 1 (TRAF1) encoding genes (TRAF1-C5 interval) as a genetic risk factor for RA, 14 a linkage known for years for murine arthritis. 15 Proteoglycan (PG)-induced arthritis (PGIA) is an autoimmune disease, which can be induced in susceptible mouse strains by systemic immunization with human cartilage PG aggrecan. 16, 17 PGIA shares similarities to RA in joint histopathology and the progressive character of the disease. Like RA, PGIA is under the control of the major genetic permissive MHC locus. 18 Additionally, both RA and PGIA are reliant on multiple non-MHC chr loci, [19] [20] [21] and several Pgia quantitative trait loci (QTLs) are homologous to either RA or other human autoimmune disease loci. 17, 22 To find causative PGIA-susceptibility genes and genes controlling the production of autoantibodies, pro-and anti-inflammatory cytokines and lymphocyte responses during and prior to PGIA pathogenesis, we performed a genome-wide linkage analysis of crosses between BALB/c or C3H susceptible and several resistant (for example, DBA/2) strains. [19] [20] [21] [22] [23] We found that separate sets of genes control the incidence, severity and the onset of disease, although these clinical phenotypes might also be simultaneously affected by two loci/genes (composite QTL). Notably, we showed that gender is a major moderator of QTLs' penetrance in PGIA. 19 In the BALB/c Â DBA/2 cross, where both parent strains carry identical H-2 d alleles, thereby excluding the effect of MHC upon linkage analysis, we identified four major non-MHC PGIA loci on chrs 3, 7, 8 and 19. 17,19,22 According to the initial linkage analysis, major loci were Pgia26 on chr3 controlling the onset and severity of arthritis in both females and males, Pgia21 locus on chr7 controlling incidence of the disease, Pgia4 on chr8 controlling PGIA severity in males and Pgia12 on chr19 regulating severity in both males and females. 19 To confirm the positions and effects of these QTLs in a pure genetic background, we transferred these chromosome intervals of PGIA-resistant DBA/2 mice into the PGIA-susceptible BALB/c strain. We immunized and induced autoimmune arthritis in these congenic strains and compared disease-associated clinical and immunologic phenotypes.
In this study, using a set of congenic mouse strains, we confirmed that multiple genes are involved in the control of PGIA. Our results with these four congenic strains validated the QTL positions and their genetic effects inferred from our initial linkage analyses. We demonstrated that, although the separation of arthritissusceptibility genes in individual congenic strains finally leads to the same clinical phenotype and histopathology (PGIA), the immune responses underlying the disease are substantially different in the four congenic strains. Our study supports the idea that each congenic strain represents a different immunologic subtype of PGIA, providing an explanation for the complex etiology and various clinical phenotypes of RA.
Results
Initial genetic linkage analysis of (BALB/c Â DBA/2)F2 hybrids The major effect of the Pgia26 locus was found to be on disease onset in (BALB/c Â DBA/2)F2 females (Table 1) .
F2 females carrying a DBA/2-type homozygous Pgia26 locus demonstrated almost a seven-times lower onset score (developing arthritis much later) than corresponding BALB/c-homozygous F2 females; therefore, the PGIA-suppressive allele originated from the DBA/2 strain ( Table 1) . The same chromosome locus did not show any significant effect on PGIA in F2 hybrid males.
The Pgia21 locus on chr7 was the strongest QTL, controlling mainly disease susceptibility and, more weakly, disease onset in both males and females, but disease severity was not affected by genes within this locus (Table 1) . DBA/2-type Pgia21-homozygous F2 mice were 2.5 times more susceptible to disease than BALB/ctype littermates. According to this initial linkage analysis, chr7 of the DBA/2 strain harbored at least one recessive permissive allele for PGIA.
The Pgia4 locus on chr8 carried an arthritis-permissive allele of BALB/c origin, which controlled PGIA severity in males, but had no significant effect upon disease onset and incidence. Conversely, the Pgia12 locus on chr19 largely controlled PGIA severity in males ( Table 1 ). The source of the disease-suppressive co-dominant allele was the DBA/2 strain.
Summarizing data from the genetic analysis of the BALB/c Â DBA/2 cross, we have found that chr3, chr8 and chr19 of the PGIA-resistant DBA/2 strain carried codominant/recessive-suppressive arthritis alleles, but only chr7 from DBA/2 strain contained a recessive arthritis-promoting gene. Altogether, these four major loci controlled a significant portion (B40%) of disease variance in this F2 cross.
Incidence, severity and onset of arthritis in DBA/2 QTL-specific congenic BALB/c strains After the initial genetic linkage analysis and selection of QTLs, based primarily on their strength, we chose the above described four loci, which were of comparable statistical strength of linkage, ranging from 3.0 to 4.9 logarithm of the odds ratio (LOD) score, with each locus occupying a 10-50 Mbp (million base pairs) chromosome interval ( Table 1 ). The Pgia26 locus on chr3 and Pgia21 locus on chr7 may comprise multiple loci within the initially identified genomic intervals, because the interval mapping curve shows a double-peaked shape. 19 On 
the basis of this consideration, we employed a conservative strategy for generating QTL-specific strains, transferring chromosome intervals that were larger than the putative target locus at a presumptive cutoff linkage level of LOD score of 3.0 (Table 1) . To confirm the chromosome positions of these QTLs, to define their genetic effects on PGIA and eventually to identify causative genes within the loci, we generated congenic strains representing four major non-MHC PGIA loci located on chr3, chr7, chr8 and chr19. All four congenic strains were backcrossed for six generations using a genomic marker-assisted selection protocol. 24 We have shown earlier that the genetic control of PGIA by a certain locus may be manifested by arthritis onset, severity or susceptibility, and locus penetrance is often significantly affected by gender. 18, 19 Therefore, we analyzed the clinical and immunologic phenotypes of PGIA separately in both males and females. The strongest disease-suppressing phenotype was found in BALB/c Â DBA/2-Pgia26 congenic mice (BALB/c mice carrying Pgia26 from DBA/2 strain) (Figure 1a ). This Pgia26 locus on chr3 protected both males and females from arthritis. Consistent with initial linkage analysis, the major effect was found to be on disease onset delaying arthritis by 10 days in congenic mice ( Figure 1a , Table 2 ). Consequently, for a period of almost 4 weeks, PGIA incidence was 20-60% lower in this congenic strain than in age-and gender-matched wild-type BALB/c littermates, a combined group from intercrosses of all four congenic strains with parental BALB/c mice. The protective effect was evident after the third immunization from day 42 to day 70. Day-by-day pairwise comparison of wild-type and congenic groups showed highly significant differences up to Po0.0001 by w 2 test ( Figure 1a , see incidence in females). Confirming the initial linkage analysis (Table 1) , the effect of this QTL was much more substantial in females; however, it was also less pronounced but significant in congenic males. The protective effect of the Pgia26 locus was not absolute, and all mice eventually developed arthritis by the end of the observation period (day 81). The severity of disease in both males and females was also under the control of the Statistical significance for the day-by-day difference between congenic and wild-type combined mice was estimated with w 2 test (for the disease incidence) and non-paired Student's t-test (for severity; presented as mean±s.e.m.) as follows: *Po0.05, **Po0.01, ***Po0.001 and ****Po0.0001. Only stretches of significant differences containing at least one Po0.01 observation are shown. Vertical arrows on the bottom panels indicate third (day 42) and fourth (day 63) immunizations.
Pgia26 locus (Figure 1a ), as joint swelling was considerably reduced (50% less, Po0.0001) in congenic mice.
According to the initial genetic linkage analysis of F2 hybrids, the Pgia21 locus of DBA/2 chr7 origin carries arthritis-promoting genes (Table 1) . Thus, congenic BALB/c Â DBA/2-Pgia21 mice carry disease-promoting genes originating from both the BALB/c arthritissusceptible genetic background and the transferred region of DBA/2 chr7. Therefore, we expected these congenic mice to develop PGIA faster and in a more severe form than in the wild-type BALB/c strain. However, when the standard immunization protocol (PG emulsified in dimethyldioctadecylammonium bromide (DDA) adjuvant) was used, the PGIA susceptibility of congenic mice was statistically indistinguishable from that of wild-type BALB/c control mice (data not shown). To observe the putative PGIA-promoting effect of the locus, we immunized another group of these congenic mice with PG in complete Freund's adjuvant (CFA) instead of in DDA, which was used in earlier studies, 19 because PG injected with CFA induces slower PGIA progression than PG with DDA. 25 Indeed, using the PGFreund's adjuvant immunization protocol, we detected highly significant differences between Pgia21-congenic and BALB/c wild-type littermates (Figure 1b) . Interestingly, the Pgia21 locus demonstrated opposite effects on arthritis phenotypes in congenic males versus congenic females. The Pgia21 locus was consistently diseasesuppressive in females; only half of the congenic females developed joint inflammation by the end of the immunization period at day 81. Congenic males exhibited an opposite pattern of PGIA susceptibility (Figure 1b ). The majority (75%) of these males developed arthritis before the fourth immunization, and all males were arthritic by day 62. Disease severity followed approximately the same profile as PGIA incidence in congenic females, but severity in congenic males was indistinguishable from that of the wild-type cohort. Thus, the Pgia21 locus exhibited an arthritis-permissive effect in congenic males, whereas it was protective in congenic females (Table 2, Figure 1 ).
Susceptibility to disease in BALB/c Â DBA/2-Pgia4 congenic mice (chr8) was generally similar to that of the combined group of age-matched BALB/c-homozygous littermates ( Figure 1c ). The DBA/2 Pgia4 chromosome interval demonstrated a weak and transient protective effect upon disease severity, which was detected only in congenic males and only for a short period of time (approximately 7 days) ( Figure 1c , see severity in males).
Congenic mice bearing the Pgia12 locus from chr19 of DBA/2 strain had significantly milder arthritis and lower disease penetrance than a combined group of wild-type BALB/c littermates ( Figure 1d ). The Pgia12 locus exerted a noticeable suppressive effect on disease onset, with arthritis starting at least 1 week later. Effects on incidence and severity seemed to be secondary to the effect on onset, although the latter was significant only in congenic males.
As shown in Table 2 , PGIA susceptibility (incidence) was under the primary control of chr7 in congenic females only. In other strains, congenic and wild-type BALB/c mice were similarly susceptible to PGIA. Effects on incidence in Pgia26 (males and females), Pgia21 (males) and Pgia12 (males) were significant but transient, and should be considered secondary to onset regulation ( Table 2 ). The severity of inflammation was under primary control of only the Pgia4 locus, although this result was transient and statistically borderline (Figure 1d ). Sizes of the DBA/2-homozygous interval in congenic strains in Mbp are shown below the locus name (QTL). Clinical and immune effects of the loci were gender-biased and are shown separately for females (F) and males (M). NS indicates the genetic effect was statistically insignificant (P40.01). All indicated genetic effects were significant for at least Po0.01 between BALB/c and congenic mice for a period not shorter than 2 weeks, except for Pgia4, the effect of which was transient and lasted 1 week. Incidence was calculated at the end of immunization and observation period at day 81 and presents the mean value for all mice in the group. Severity was determined by visual scoring of paw/joint inflammation on day 62. Lymphocyte responses were measured in in vitro PG-stimulated spleen cultures (see Materials and methods).
Immune parameters in QTL-specific congenic strains Systemic immunization of BALB/c mice with PG and adjuvant induces strong antigen-specific responses in both B and T cells, as demonstrated by antibody and cytokine production. 17 Studies on disease transfer from arthritic to naive syngeneic mice also underline the importance of cooperation between B and T lymphocytes. 26, 27 Our goal of measuring humoral and cellular immune responses in this set of congenic strains was two-fold. First, we wanted to determine the immune mechanisms of PGIA associated with each congenic strain. Second, we sought to identify an immune biomarker that could discriminate congenic from wildtype mice, and then use this biomarker to map the causative gene within a given chromosome interval. In mouse serum, we measured autoantibodies to mouse PG of both IgG1 and IgG2a isotypes (only the predominant IgG1 isotype is presented in Figure 2 ). We also measured tumor necrosis factor-a (TNF-a), interleukin (IL)-1b, IL-4 and IL-6 cytokine concentrations in the sera of congenic strains and wild-type BALB/c mice. Cellular responses were assayed in vitro using PG stimulation of spleen lymphocytes. In vitro production of TNF-a, interferon-g (IFN-g) and IL-4 in response to PG stimulation was measured, along with antigen-specific T-cell proliferation (Figure 2) .
Using the set of immune parameters described above, we have found that the pattern of immune responses is specific for each congenic strain (Figure 2) . In BALB/ c Â DBA/2-Pgia26 males and females (chr3), the strongest responses were found in antigen-stimulated lymphocytes. Interestingly, incubation of cells with PG suppressed lymphocyte proliferation and, most probably as a consequence of this, decreased the production of TNF-a, IFN-g and IL-4 cytokines by 50-70% (Figure 2 ). The differences between Pgia26 congenic and wild-type males were also accompanied by higher production of TNF-a, IL-1b and IgG1 isotype autoantibodies in serum. All in vitro-measured lymphocyte responses were approximately 50% lower than those in a combined group of wild-type BALB/c littermates (Po0.01-0.0001). Serum antibody level was not significantly altered in this congenic strain, but serum IL-4 was elevated almost twofold compared with BALB/c females ( Figure 2 ). In brief, suppressed lymphocyte responses were the most characteristic immune aspect of the delayed and less severe arthritis in BALB/c Â DBA/2-Pgia26 congenic mice (Table 2) . Clinically, the Pgia12 congenic males are similar to Pgia26 congenic mice, as both strains carry arthritissuppressive genes of DBA/2 origin ( Figure 1, Table 2 ). Nonetheless, they differ immunologically. Chr19 congenic mice exhibited strong the upregulation of lymphocyte proliferation, which is opposite to what we detected in the Pgia26 congenic mice (Figure 2 ). Serum biomarkers in the chr19 congenic strain were the same as those in wild-type BALB/c mice ( Figure 2 ). In contrast, lymphocytes responded to PG stimulation with a 50-95% higher proliferation rate (stimulation index of 3.7 in females and 1.9 in males, Po0.001), and most likely due to this effect, IFN-g and IL-4 productions were significantly higher: 90-195% increases were measured, when compared with wild-type BALB/c lymphocytes. Congenic males revealed a pattern of immune response similar to that detected in congenic females, but less pronounced, which correlated with a significantly milder arthritis phenotype (Figures 1d and 2) . Observed clinical phenotypes associated with chromosome loci and measured immunologic parameters are summarized in Table 2 .
The Pgia4 locus in chr8 did not show a strong association to either disease incidence or onset; only severity in males was under transient control of this locus during a short (approximately 7 days) period (Figure 1c) . Correspondingly, immune parameters showed a pattern similar to that in the combined wildtype reference BALB/c group (Figure 2) . The strongest immunologic marker in this strain was the serum IL-6 level, which was elevated three-fold in females, but reduced in males when compared with BALB/c-type mice (Figure 2) . Surprisingly, chr8 congenic females demonstrated significant suppression of IgG1-type autoantibody production (50% lower) and higher levels of IL-4 and IFN-g production by PG-stimulated lymphocytes.
BALB/c Â DBA/2-Pgia21 congenic mice (chr7) differed from BALB/c littermates in almost all measured immune parameters. The most striking difference was in the serum level of IgG1-type autoantibodies to mouse (self) PG, which was 3.5 times higher in congenic females and 7 times higher in congenic males than in wild-type BALB/c littermates ( Figure 2 ). The extremely highserum autoantibody level in males correlated with the presence of arthritis-promoting allele in these congenic males (Figure 1b) . Like the antibody level, IL-6 is also elevated. PGIA-suppressive IL-4 28 was correspondingly lower in carriers of the PGIA-promoting allele. Pgia21-congenic females, as opposed to males of the same strain, were less arthritic: the severity was lower in female mice. This may be due to the lower level of autoantibodies (350% higher than in BALB/c in females versus a 700% increase in males). The decreased autoantibody level may be associated with the decreased concentration of IL-6, a cytokine that has been shown to increase Ig production. In addition, IL-4, an anti-inflammatory cytokine, was significantly less in males than in females.
Discussion
Autoimmune arthritis in BALB/c mice, which can be induced by systemic immunization with PG, is a complex polygenic disease. As in RA, murine MHC plays a central role in the genetic and immune control of PGIA susceptibility, and the H-2 complex locus on mouse chr17 is a major permissive genetic factor. 18 However, direct comparison of the chromosome loci controlling collagen-induced arthritis (CIA) and PGIA in the same BALB/c Â DBA/1 cross indicates that the role of murine MHC in PGIA is not as pervasive as in CIA, as the strength of genetic linkage between disease and H-2 complex was LOD of 6.5 in PGIA versus LOD of 22.0 in CIA. 23 Because of the particular importance of non-MHC genetic component in PGIA, we focused on finding genes linked to murine arthritis in the cross of BALB/c with DBA/2, when both strains carry matching H-2 d haplotype and, therefore, MHC influence upon linkage analysis is excluded.
We found a complex set of chromosome loci controlling arthritis in (BALB/c Â DBA/2)F2 cross. 17, 19 Different sets of loci control disease incidence, onset time and severity, and the magnitude of effects is significantly affected by gender. Owing to this overwhelming complexity, multiple approaches are needed to verify the biological effects of these QTLs and their genomic positions. To determine which chromosome loci should be selected for further congenic breeding, we took the two most important QTL features into consideration. The first QTL feature is the strength of the biological effect, which is reflected in the linkage LOD score. Regions on chr3, chr7, chr8 and chr19 were chosen for congenic transfer to BALB/c because they showed the strongest linkage with onset, susceptibility or severity of PGIA.
The second criteria for QTL selection was the reproducibility of linkage detection in different crosses. 19 For instance, Pgia26 overlapped with mCia2 locus controlling CIA in BALB/c Â DBA/1 cross. 23 Pgia4, Pgia21 and Pgia12 loci were also mapped in BALB/c Â C3H/HeJCr and C3H/HeJCr Â C57BL/6 F2 crosses. 19, 21 The Pgia4 locus also controlled lymphocyte responses and serum antibody and IL-1b levels. [19] [20] [21] 23 The Pgia12 locus was linked to serum IL-6 levels in C3H/ HeJCr Â C57BL/6 and BALB/c Â DBA/1 crosses. 19, 21, 23 To explore the functional importance of the selected chromosome loci in different arthritis models in mice and rats and in human joint diseases, we searched for genomic homology among all three mammalian genomes (Table 3 ). The Pgia26 locus on mouse chr3 was homologous to the genomic interval on rat chr2, which contains the Cia10 locus. 30, 31 This rat Cia10 locus regulates disease severity, pannus formation and joint damage. 31 Pgia26 was also homologous to two human RA loci on chr1 and chr4 (Table 3) . Detailed mapping of the human RA locus on chr4 is in progress. 7, 10 Murine Pgia26 corresponds to gout susceptibility 32 in the human genome. This chromosome interval is also linked to C3b inactivator deficiency (because of the alteration in the inhibitory complement component I) 42 and to severe combined immunodeficiency due to mutation in the IL-2 encoding gene in humans. 43 Another human region homologous to Pgia26 includes RA locus on chr1, harboring non-receptor protein tyrosine phosphatases, PTPN22/PTPN8 (Table 3) . DNA polymorphisms in the PTPN22 encoding gene were associated with multiple human autoimmune diseases, including type I diabetes, Graves' disease, systemic lupus erythematosus, juvenile idiopathic arthritis, autoimmune Addison's disease, Hashimoto's thyroiditis and RA. 33, 34, [44] [45] [46] [47] [48] Sequencing of the homologous gene in rats did not reveal significant polymorphisms, and gene expression was similar in parental strains. 31 In the PGIA model, Ptpn22 is located within the proximal part of the Pgia26 locus.
The major binary PGIA-permissive locus, besides H-2 d , is Pgia21 on chr7. This locus, whose position and genetic effects were confirmed using a congenic approach in this study, overlaps with the major non-MHC QTL Cia2 in the rat genome (Table 3) . Both Cia2 and Pgia21 are notably sex-biased loci that control arthritis susceptibility only in males. 49 Interestingly, Pgia21 also overlaps with the mCia7 locus in the mouse genome, where it has been shown to control disease severity, but not early onset. 50 Chromosome loci Eae6 and Piax, linked to experimental allergic encephalomyelitis and pristaneinduced arthritis (PIA), murine models of multiple sclerosis and RA, respectively, overlapped with Pgia21 as well (refer to Bergsteinsdottir et al. 35 and Table 3 ). A homologous human RA-linked QTL is located on chr15. 36 The Pgia4 locus (chr8) corresponds to the Pia14 locus on rat chr16 37 and a QTL for RA on human chr8 (Table 3) . 9 The Pgia12 locus on chr19 is clustered with suggestive Cia and Eae7 loci on the near telomeric part of rat chr1. 35, 38, 49 In the human genome, this chromosome interval corresponds to RA locus on chr10. 9 Additionally, murine Pgia12 is clustered with human loci chr9 and chr11 that control cartilage degradation in osteoarthritis 39, 40 (Table 3) . Apparently, each of the murine PGIA-linked loci is homologous in humans and rats with several syntenic loci, associated with either the pathology or the immunologic background of autoimmune or joint diseases. At the present level of genomic mapping, where each murine locus occupies up to 50 Mbp and contains several hundred genes, clustering with other diseaserelated loci appears to be significant; however, the overlap between loci might become weaker or disappear at higher resolution.
In the initial linkage analysis of the (BALB/c Â DBA/ 2)F2 population, we found that alleles of BALB/c origin on chr3, chr8 and chr19 promote arthritis, but only one QTL on chr7 carries an arthritis-promoting allele from DBA/2 strain ( Table 1) . Immunization of congenic strains confirmed these observations for chr3 and chr19 congenic strains. For chr7 and chr8, the correlation with the initial linkage analysis was only partial. As expected, Pgia21 (chr7) congenic males revealed much earlier responses to PG immunization ( Figure 1, Table 2 ), although Pgia21-congenic females responded with lower disease susceptibility; thus, the Pgia21 locus exerted an opposite effect on males and females. We hypothesize that the complex genetic effects of this chromosome interval are because of the presence of at least two genes/loci within the region. In females, the first locus suppresses PGIA and the second one is silent. In males, the first locus is silent and the second promotes arthritis. This hypothesis of QTL heterogeneity is also supported by the different positions of QTL peaks in males and females in the initial linkage analysis of F2 hybrids. 19 Further breeding of sub-congenic mice is needed to prove this hypothesis. Congenic mice are powerful tools, as all effects are multiplied according to the number of mice used for immunization. Conversely, every mouse in an F2 population is unique, and its genetic background is complex. Gene-gene interactions in congenic mice are suppressed due to the 'clean' and homogeneous genetic background. F2 mice, however, might represent any allele-allele combinations. These major differences in genetic background account for the discrepancies between linkage analysis and congenic strains. For example, we earlier detected interaction between chr3 and chr15 loci, 41 implying that the Pgia26 locus needs another gene on a different chromosome for its correct penetrance. A phenomenon similar to gene-gene interaction was reported for a CIA locus in the same positions as chr15 and Pgia26. The Cia30 locus on chr15 (corresponds to Pgia8) showed interaction with Cia5/Eae3 locus on chr3 (corresponds to Pgia26).
51 Therefore, we can offer two possible reasons why Pgia26 appears to be a purely female-specific QTL in F2 hybrids, and now we have detected the control of the locus in males as well. The first reason is the different genetic structure of the BALB/c Â DBA/2-Pgia26 congenic strain versus the (BALB/c Â DBA/2)F2 hybrid population. The second reason is the extreme sensitivity of the congenic approach, when the response of a single mouse is amplified in dozens of congenic animals.
We measured serum cytokines as well as T-cell responses in this set of congenic mice. Interestingly, each of the four congenic strains revealed unique patterns of immune responses (Figure 2) . The most striking observation was the opposite T-cell responses in similarly less arthritis-susceptible chr3 and chr19 congenic mice. Despite the presence of PGIA-suppressive loci in both strains, arthritis in Pgia26 congenic mice (chr3) was associated with lower lymphocyte responses than in BALB/c mice. These reduced responses were also reflected in reduced cell proliferation rate and lower production of IL-4, IFN-g and TNF-a (Figure 2) . Conversely, a similarly suppressive Pgia12 locus on chr19 demonstrated increased PG-stimulated lymphocyte proliferation and the production of IFN-g and IL-4. It is likely that the difference between Pgia26 and Pgia12 arthritis-suppressive effects was, at least in part, associated with TNF-a-producing subpopulations in Pgia26-congenic T lymphocytes.
Another congenic strain that also carries an arthritissuppressive gene is Pgia21 congenic females (chr7). Remarkably, the immune profile of these mice is quite different from that in clinically similar chr3 and chr19 congenics (Figure 2 ). Despite the fact that the Pgia21 locus seems to control the production of autoimmune IgG1 antibodies to mouse PG (350% higher than in wildtype BALB/c littermates), most likely another gene, which is active in females, inhibits arthritis development. The comparison of chr7 females with chr7 congenic males might shed light on the identity of this gene located within the Pgia21 locus. In males, earlier arthritis development correlates with even more elevated levels of autoantibodies (700% higher than in wild-type BALB/c littermates). This antibody increase was supported by an increase of proinflammatory IL-6 and lower levels of PGIA-suppressive IL-4 in mouse serum (Figure 2) .
Immune responses in males and females of the same congenic group are generally well correlated; for example, there is lower T-cell proliferation, IL-4, IFN-g and TNF-a production in Pgia26; high autoantibody and low production of TNF-a in Pgia21; and upregulation of proinflammatory cytokine production and lymphocyte proliferation in Pgia12 (Figure 2) . The detailed comparison of immune parameters in males and females of the same strain seems to be an important approach to dissecting the reason for the differences in arthritis progression and clinical traits. Thus, the greater responsiveness of female lymphocytes to PG stimulation (proliferation rate, IFN-g and IL-4) seems to be responsible for the PGIA-protective effect of the same locus in females versus males (Figure 2 ). It seems that a stronger proliferative response of lymphocytes upon in vitro stimulation with antigen is inversely correlated with arthritis susceptibility (see Pgia21 and Pgia12 females). This may be due to different regulatory mechanisms of various T-cell subsets in vitro and in vivo; this, however, requires additional studies.
Chr3, chr7, chr8 and chr19 QTLs in this set of congenic strains are represented with quite large chromosome intervals up to 48 Mbp in size. Obviously, these intervals contain numerous genes, affecting mostly different immune parameters, and only one or two genes from the region is a causative (etiologic) factor of arthritis. Chr7 Pgia21 locus is a good example of such heterogeneity. Only because of the opposite effects on PGIA (Figure 1b) , we are able to detect this multiplicity. In the case of several genes in the locus affecting the disease in the same direction, we are unable to make any conclusion about homogeneity within the locus, and only subcongenic strains will shed light on locus structure. We believe that locus heterogeneity is probably a major reason for these multiple and often diverse immune responses. We conclude that at this phase of QTL mapping, all immune parameters should be considered in concerto. In other words, we have not yet found a single immune biomarker that would explain all effects and would lay the foundation for all observed (secondary) immune responses.
Experimental murine PG-induced arthritis is dependent on autoantibodies, T cells and a number of cytokines. In this study, we measured only a few of the cytokines that were found to be important from the earlier studies. Obviously, when natural mutations within QTLs are considered, their effect is probably not as strong as in purely artificial gene-deficient models. Therefore, genes controlling bioactive protein expressions (chemokines, cytokines and growth factors), proteins such as those used as biologics for treatment of RA, are probably more important in disease-prone individuals than in the normal population.
Materials and methods

Animal breeding
All animal experiments were approved by the Institutional Animal Care and Use Committee, Rush University Medical Center (Chicago, IL, USA). For this study, we have selected four major QTLs based on two criteria, they are: (i) statistical strength of the linkage to one of the clinical features of the arthritis and (ii) reproducibility of locus detection in different crosses. These four QTLs were on chr3 (Pgia26), chr7 (Pgia21), chr8 (Pgia4) and chr19 (Pgia12). 19 PGIA-susceptible BALB/c female and PGIA-resistant DBA/2 male mice (National Cancer Institute, Kingston Colony, NY, USA) were mated, and the F1 males were backcrossed to parental BALB/c strain to obtain the N2 backcross generation (n ¼ 500). Animals were maintained in a pathogen-free environment. Marker-assisted selection protocol for speed congenic breeding was used to generate QTL-specific congenic strains.
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N2 males were genotyped with 230 genomic markers selected for detectable length polymorphism between the parental strains using information from the Mouse Genome Informatics database (http://www.informatics. jax.org). N2 males bearing DBA/2-type heterozygous QTLs on chr3, chr7, chr8 or chr19, and the highest number of BALB/c alleles on the rest of the genome were selected for the next backcross. Approximately 40 offspring males after each backcross were genotyped with seven QTL-specific markers, and additional markers were used for the genomic regions found to be heterozygous in the previous backcross. At backcross level N6, when the entire genome was BALB/c homozygous except for the selected QTLs, N6 males and females of the same genotype were intercrossed generating the N6F1 population of BALB/c Â DBA/2-QTL founders. We intercrossed these mice to generate the N6F2 population, which was immunized with PG to induce arthritis.
Antigen and immunization
Cartilage was obtained from osteoarthritic patients undergoing joint replacement surgery. The use of human cartilage for PG isolation was approved by the Institutional Review Board (Rush University Medical Center, Chicago, IL, USA). PG was isolated as described elsewhere. 52, 53 Mice were immunized with human PG at 12 weeks of age using a standard immunization protocol. 52, 53 Briefly, emulsion containing 100 mg of PG protein and 2 mg of DDA adjuvant in 200 ml of PBS (pH 7.4) was injected intraperitoneally on days 0, 21, 42 and 63. Alternatively, mice were intraperitoneally injected with emulsion of 100 mg of PG protein in 100 ml of Freund's adjuvants (Difco, Detroit, MI, USA). 29 The first and fourth injections were given in complete Freund's adjuvant (CFA), whereas the second and third boosters contained antigen in incomplete Freund's adjuvant (IFA). Animals were immunized with either PG and DDA or PG and CFA/IFA, and comparative studies showed no differences between the two immunization protocols, except in chr7 congenic strain. The results of this congenic strain (chr7) are shown. Arthritis severity was determined using a visual scoring system based on the degree of swelling and redness of the front and hind paws. 29, 53 Animals were examined three times a week and inflammation was scored from 0 to 4 for each paw, thus resulting in a maximum cumulative arthritis score of 16 for each animal. 29, 53 Severity score was recorded only for arthritic mice. The onset scores of arthritis (from 0 to 5) were proportionally distributed from days 32 to 81 giving the highest score (5) to the mouse having arthritis on day 32, and 0 indicating a non-arthritic animal on day 81. Mice were killed 18 days (on day 81) after the fourth antigen-adjuvant injection. This was a long-term immunization protocol, because 98-100% of wild-type BALB/c mice (either littermates or age-matched controls) developed arthritis after the third PG injection using either DDA or CFA/IFA adjuvant.
Antibodies, lymphocyte responses and serum cytokine production Serum levels of autoantibodies to mouse PG of IgG1 and IgG2a isotypes were measured by enzyme-linked immunosorbent assay (ELISA) as described previously. 20, 53 Serum cytokines TNF-a, IL-1b, IL-6 and IL-4 were determined using ELISA kits purchased from BD Bioscience (San Diego, CA, USA) or R&D Systems (Minneapolis, MN, USA) as described. 23 Additional antigen-specific lymphocyte responses were measured in samples of spleen cells cultured in the presence of 25 mg ml À1 PG antigen. IL-1b, IL-4, IL-6, IL-10, IL-17, IFN-g and TNF-a productions were measured in cell culture supernatants on day 4 using capture ELISA from R&D Systems as described. 20, 23, 53 In vitro T-cell proliferation in spleen cell cultures in response to 25 mg ml 53 The IL-2 production was measured by a CTLL-2 bioassay. 26, 52, 53 However, only those results are shown and discussed that showed correlations with the QTLs in the four congenic lines.
Statistical analysis
Statistical analysis was performed using SPSS statistical software (SPSS Inc., Chicago, IL, USA). As the incidence of the disease was a dichotomous variable, we used the w 2 test to examine differences between populations. We used day-by-day comparison to evaluate the differences between a group of congenic mice and a combined group of BALB/c-homozygous littermates, which originated from intercrosses of four congenic strains with parental BALB/c strain. Two-sample non-paired Student's t-test was employed for comparison of means of two groups, where the data showed normal distribution. Significance level was routinely set at Po0.05.
